Phenylalanine ammonia lyase (PAL, E.C.4.3.1.24), was entrapped in ultra-large-pore mesoporous silica (ULPS, 23 nm pore diameter) generating a recyclable, separable biocatalyst. The entrapped ULPS-PAL materials showed excellent stabilization, even after significant exposure to prolonged heating. Additionally, the entrapped ULPS-PAL materials showed extremely high catalytic activity in the deamination of L-phenylalanine to trans-cinnamic acid in aqueous solution and were recovered and recycled up to five times without any observable loss in activity. This approach is simple and capitalizes on the facile synthesis and easy recoverability of mesoporous silicas to generate a stable, reusable PAL-based biocatalyst.
Introduction
Phenylalanine ammonia lyase (PAL, E.C.4.3.1.24) catalyzes the spontaneous, non-oxidative deamination of L-phenylalanine (L-Phe) into trans-cinnamic acid (t-CA). One of the major clinical applications of PAL is its use in the treatment of phenylketonuria (PKU), a genetic disorder in which there is a deficiency or absence of phenylalanine hydroxylase. [1] [2] [3] The absence of phenylalanine hydroxylase results in an increase of L-Phe in bodily fluids (phenylalaninemia). High levels of L-Phe can be controlled following a very strict diet restricting all phenylalanine sources. Unfortunately, L-Phe is found in high concentrations in many foods such as grains and grain products, meat and meat products, dairy, and eggs. In large concentrations L-Phe is a neurotoxin and therefore, if not detected and controlled with an extremely strict diet, PKU results in severe neurological disorders before the age of one. [2, 4, 5] Although the direct administration of PAL may appear to be a suitable treatment for PKU, PAL is very unstable and denatures at room temperature. [6] There is a critical need for the development of a simple method for PAL stabilization.
PAL also catalyzes the reverse transformation by converting t-CA to optically pure L-Phe, a reaction with considerable industrial significance. [5, 7, 8] L-Phe is an important precursor to the dipeptide, aspartame (L-aspartyl-L-phenylalanine methyl ester), used worldwide in many commercial products, especially by the diabetic and obese population. [5, 7] Ideally, for PAL to be effectively used as either a treatment for PKU or as a catalyst in industry it must: (i) be stable under a variety of conditions (varied pH, temperatures, and solvents);
(ii) be easily recoverable and reusable; and (iii) avoid dilution of activity compared with the free enzyme. [9] [10] [11] Existing methods for PAL stabilization include the use of metal ions, [1] non-aqueous media, [6] [7] [8] and immobilization as a cross-linked aggregate. [4] [5] [6] [7] 12, 13] Incorporation of Mg 2þ into the active site enhances PAL stabilization, but this method does not allow for easy recovery and reuse of the enzyme. [1] Small monomeric enzymes have shown enhanced stability in non-aqueous solvents. [14, 15] However, only a few studies have investigated the effects of organic solvents on the oligomeric protein PAL, and in most cases the PAL activity was inferior compared with that observed in aqueous solutions. [4, 6] The cross-linked enzyme aggregates of PAL were recoverable and reusable, however the enzyme molecules being packed together so tightly may result in some mass-transport limitations. [12] Recently, it has been shown that enzymes immobilized in mesoporous materials can significantly improve enzyme stability, resistance to external factors, and catalytic activity compared with the free enzyme. [13, [16] [17] [18] [19] [20] Furthermore, the easy tailoring of pore size and structure of the mesoporous materials limits mass-transport problems. [16] Size matching between pore size and molecular diameter of the enzyme is critical for achieving high enzyme stabilization. If the pores are too large, the adsorbed enzyme continually leaches out, and, if the pores are too small the enzyme will not enter the pores at all. Generally, SBA-15 type materials (pore sizes 5-13 nm) are successful in hosting smaller enzymes; however their restrictive pore size limits their use for larger oligomeric enzymes. Following a method described by Calin et al. [21] we have prepared ultra-large-pore silica materials, ULPS (pore diameters up to 23 nm), which are suitable for oligomeric enzyme stabilization. In this paper we report the first example of oligomeric enzyme PAL (dimensions of 9.57 nm by 14.50 nm) successfully immobilized in ultra-large-pore (23 nm) mesoporous silica. [21] This method of immobilization prevents the enzyme from denaturing, greatly maintaining the active catalytic site. PAL immobilized in ULPS could be recycled in the PAL catalyzed conversion of L-phenylalanine to transcinnamic acid at least five times without significant loss of activity. Compared with the soluble enzyme, PAL immobilized in ultra-large-pore mesoporous silica also demonstrated an extended storage life at 258C, showing no dramatic loss in activity over a 42-day period. Additionally, PAL immobilized in ultralarge-pore silica demonstrated excellent thermal tolerance.
Experimental

Chemicals
All chemicals were commercially available. Phenylalanine ammonia lyase was obtained from Sigma-Aldrich. Toluene, ethanolamine, and L-Phe were obtained from Fischer Scientific.
Preparation of Ultra-Large-Pore Mesoporous Silica Pluronic 123 (P123, 4.0 g) was weighed into a glass jar with a stirrer bar. The polymer was dissolved by adding deionized water (104 mL) and concentrated HCl (20 mL) with vigorous stirring for ,30 min at room temperature. Tetraethyl orthosilicate (TEOS,9.17 mL) and trimethylbenzene (TMB, 4.63 mL) was then added to the solution via syringe and the resulting solution was left to stir at 358C for 24 h, after which the suspension was aged for 113 h at 1208C. The solution was filtered and surfactant was removed via Soxhlet extraction using refluxing 95 % EtOH (250 mL) for 24 h. The recovered silicate was dried under vacuum overnight. This procedure yielded 2.44 g of a fine white powder.
Analysis
All materials were characterized using solid state cross polarization magic angle spinning NMR carried out on a Bruker Avance NMR spectrometer with a 9.4 T magnet (400.24 MHz proton Larmor frequency, 100.65 MHz Si Larmor frequency). The infrared absorption spectra of each material and material with enzyme were measured by transmission techniques using a Nicolet Impact 410 infrared spectroscopy (FT-IR) over the range 4000-400 cm
À1
. All UV-vis spectra were measured on a Cary 100 Win UV spectrometer using quartz cuvettes. The nitrogen adsorption isotherms were measured using a Micromeritics ASAP 2020. Specific surface areas were calculated using the Brunauer-Emmett-Teller (BET) method and the pore diameter distribution curve were calculated by the Barrett-Joyner-Halenda (BJH) method.
Immobilization of PAL
Phenylalanine ammonia lyase was entrapped in the mesoporous materials according to the following experimental method. The mesoporous material (20 mg) was added to a 10 mL centrifuge tube. PAL (1.0 g L À1 , 0.3 mL) and TRIS-HCl buffer (pH 8.8, 3.7 mL) were added to achieve a final concentration of PAL of 0.100 g protein L À1 of solution. A concentration study indicated this loading generated the most enzyme active materials. This mixture was shaken on an orbital rotator at 378C and 200 rpm for 24 h. It was then centrifuged at 3893 g for 20 min at 208C. The supernatant was drawn off and collected in a separate tube. The pellet was then washed with TRIS-HCl buffer (pH 8.8, 2 Â 4 mL). This was accomplished by shaking the mixture for 24 h each time on an orbital rotator and then centrifuging it for 20 min at 4500 rpm and 208C.
Enzyme Leaching
The initial supernatant obtained during the entrapment process, as well as the subsequent washings, was tested for enzyme activity by mixing 100 mL of each individual solution with TRIS-HCl buffer (pH 8.8, 500 mL), water (100 mL), and a solution of L-Phe (100 mM, 300 mL). This reaction mixture was allowed to react for 24 h. During this period it was shaken on an orbital rotator at 378C and 200 rpm. After the 24 h time period, the reaction was terminated by the addition of concentrated HCl (20 mL). The formation of t-CA was monitored by measuring the absorbance of the solution at 290 nm.
Evaluation of Catalytic Activity
In order to evaluate the catalytic activity of the PAL entrapped in mesoporous silicas, the conversion of L-phenylalanine to transcinnamic acid was monitored by measuring the peak associated with trans-cinnamic acid (290 nm) in the UV spectrum obtained from the supernatant. TRIS-HCl buffer (pH 8.8, 500 mL), distilled water (200 mL), and a solution of L-Phe (100 mM, 300 mL) were added to the PAL entrapped material pellet (20 mg). The solution was shaken on an orbital rotator at 378C and 200 rpm. After 24 h the reaction was terminated by centrifuging the solution for 20 min at 4500 rpm. The supernatant was then recovered and tested for the presence of t-CA by measuring its absorbance at 290 nm.
Results and Discussion
Phenylalanine Ammonia Lyase Entrapment in Mesoporous Silica
To stabilize PAL and allow for the recycling of the enzyme, PAL was entrapped in ULPS material with an average pore diameter of 23 nm. To directly compare pore entrapped PAL to surface adsorbed PAL, regular mesoporous silica with an average pore size of 6 nm was also loaded with PAL. In order to determine if there was a significant amount of enzyme leaching it was necessary to test the initial supernatant obtained during the entrapment process, as well as the subsequent washings, for enzyme activity. The catalytic activity was determined by monitoring the production of t-CA by measuring the absorbance of the solution at 290 nm. Low PAL activity was observed for the final washings (Table 1) indicating the washing had little to no PAL present. Therefore, any activity associated with the material is attributed to entrapped PAL.
The success of the entrapment process was confirmed by comparing the FT-IR spectra for the materials before PAL exposure, pure PAL, and the materials after exposure to PAL as seen in Fig. 1 for ULPS material. The bands at 2937 and 2882 cm À1 in the FT-IR spectrum of the enzyme PAL are absent in the spectrum for ULPS before PAL exposure, but are present in ULPS after exposure to PAL. Similar comparisons were made for the 6 nm pore size mesoporous silica material and it was evident that PAL was present on the materials. In the case of the ULPS with an average pore size of 6 nm, it is very likely that PAL adsorbed to the surface of the material as it is not possible to fit PAL within the mesopores of the material.
The nitrogen gas adsorption isotherm and pore size plots for ULPS material before and after loading with PAL are shown in Fig. 2 . The pore volume decreased after the enzyme loading, as expected. The enzyme loading may or may not change the specific surface area and pore diameter as the enzyme also has some surface area; while it may make some silica surface area inaccessible, it can also add some surface area if nitrogen adsorbs on it. The enzyme may block some sections of mesopores and thus it may not decrease the pore diameter as a smallmolecule surface modifier would. The tailing of the hysteresis loop is another signature of the enzyme immobilization, as it reveals some pore blocking. The pore volume decreased by ,15 % for ULPS material loaded with PAL indicating that the enzyme is occupying the mesopores. In the case of the 6 nm pore size mesoporous silica material, the pore volume was the same before and after PAL loading, showing that the enzyme was surface bound and not in the mesopores. The immobilization rate of PAL was very different for small mesoporous material (6 nm pore diameter) and ULPS material (25 nm pore diameter), both in rate and in loading. It took ,24 h for the PAL molecules to reach equilibrium when immobilized on small mesoporous material, while the PAL was rapidly incorporated into ULPS material (Fig. 3) . The final loading was found to be significantly lower for the 6 nm mesoporous material (,100 mg g À1 ) compared with the ULPS material (,5000 mg g À1 ). The slow diffusion and lower loading onto the small mesoporous material confirms that the 6 nm pores are too narrow for PAL which has dimensions of 9.57 nm by 14.50 nm. The fact that the 6 nm mesoporous material adsorbs PAL at all is likely due to surface interactions like hydrogen bonding between the silanol groups on the surface and hydrogen bond acceptors in the enzyme like carboxylates. There are also van der Waals interactions between the enzyme and the silica surface. It is important to note that a fast immobilization rate is important for immobilization of PAL, in order to prevent denaturing during the immobilization process.
Enzyme Activity of Immobilized PAL and Impact of Pore Size To investigate the effect of pore size on the immobilization of PAL, small mesoporous material (6 nm pore diameter) loaded with PAL and ULPS material (25 nm pore diameter) loaded with PAL were compared. The catalytic activity of each material was investigated in the conversion of L -Phe to t-CA. The relative percent activity was calculated based on the total activity of the immobilized PAL divided by the activity of the free enzyme at the concentration used for immobilization. A comparison between the 6 nm pore size material loaded with PAL and that of ULPS-PAL (Fig. 4) shows that the ULPS-PAL has much greater PAL activity. This is likely due to the fact that the ULPS has a BJH pore size of 29 nm and an actual pore size of 23 nm. PAL has the dimensions of 9.57 nm by 14.50 nm, [1] therefore the increased activity strongly suggests that PAL is immobilized within the mesopores of the ULPS and surface-adsorbed to the 6 nm pore size material. The ULPS-PAL showed excellent recyclability compared with the 6 nm pore size material loaded with PAL, indicating that the PAL immobilized within the mesopores was also very stable. The activity decreased by only 30 % after five reuses over a 3 week period. In addition to starting with lower initial activity, the decrease in activity was nearly 80 % after five reuses over a 3 week period with the 6 nm pore size material loaded with PAL, indicating the surface adsorbed PAL undergoes more rapid deactivation than the pore immobilized PAL in the ULPS. It is also worth noting that ULPS-PAL was stored at room temperature during the recyclability testing (3 weeks) without showing significant loss of activity indicating the immobilization greatly enhances the storability of PAL. Soluble PAL is typically stored at 48C in order to prevent denaturing. 
Thermal Stability of Immobilized PAL
The thermal stability of the immobilized PAL was evaluated by incubating the ULPS-PAL in buffer without substrate at 60 and 808C for 5 h. The activity was determined by the same procedure as described above. ULPS-PAL maintained ,85 % of its initial activity when heated at 608C for 5 h, compared with the nonthermally treated ULPS-PAL. Soluble PAL only maintained 33 % of its activity after being thermally treated at 608C for 5 h. However, the ULPS-PAL showed a dramatic drop in activity (maintaining only 17 %) when heated at 808C for 5 h.
Conclusions
In conclusion we demonstrated that ultra-large-pore mesoporous silica with pore sizes large enough to accommodate the enzyme PAL showed superior catalytic activity and recyclability for the PAL catalyzed conversion of L-phenylalanine to trans-cinnamic acid over the smaller pore sized mesoporous materials. Investigations of the effect of implementing larger (50 nm) pore size materials are ongoing. Although in this study ULPS-PAL was not used in the transformation of t-CA to L-Phe, we are currently investigating the potential for the ULPS-PAL to be used in the synthesis of optically pure L-Phe. Mesoporous silica is a biocompatible, biodegradable inorganic carrier that is safely excreted through the human kidneys. [22] In addition, recent studies suggest that porous silica as a carrier for enzymes protects the enzyme from proteolysis, [23] however we have yet to investigate biocompatibility or protection from proteolysis for ULPS-PAL. Ultimately, this study demonstrates that some PAL is immobilized within the mesopores of the ULPS and this greatly increases the stability and reusability of the enzyme.
